ABSTRACT: Achieving primary stability of uncemented press-fit prostheses in patients with poor quality bone can involve axial implantation forces large enough to cause bone fracture. Radial implantation eliminates intraoperative impaction forces and could prevent this damage. Platens of two commercial implant surfaces ("Beaded" and "Flaked") were implanted onto trabecular bone specimens of varying quality in a press-fit simulator. Samples were implanted with varying interference, either axially (shear) or radially (normal). Push-in and pull-out forces were measured to assess stability. Microstructural changes in the bone were determined from mCT analysis. For force-defined implantation analysis, push-in and pull-out forces both increased proportionally with increasing radial force, independent of implantation direction, bone quality or implant surface. For position-defined implantation analysis, pullout forces were generally found to increase with interference and to be greater for radial than axial implantation direction, and to be lower for poor quality bone. Bone density increased locally at the tested interface due to implantation, in particular for the Beaded surface under axial implantation. If a safe radial stress can be determined for cortical bone in a particular patient, the associated implantation force, and pull-out force which represents primary stability, can be directly derived, regardless of implantation direction, bone quality or implant surface. Radial implantation delivers primary stability that is no worse than that for axial implantation and may eliminate potentially damaging impaction forces. Development of implant designs based on this principal might improve implant fixation. ß
Uncemented implants provide long-term fixation of joint replacements, particularly when implanted in young and active patients. [1] [2] [3] [4] Their advantages over traditional cemented implantations are bone preservation and long-term biological fixation 5, 6 and their use is shown to be increasing in national joint registries. 7, 8 However, there are similarly increasing numbers of revision procedures. [7] [8] [9] [10] The dominant reasons for revision are mechanical in nature and involve instability, 11 loosening, 12, 13 and periprosthetic fracture. 3, 14, 15 Compromised stability as well as bone fracture may be directly related to the mechanisms of press-fitting an uncemented implant in the bone and could become increasingly critical in aging patients with poor quality bone stock, in both primary and revision cases.
14, [16] [17] [18] [19] [20] Press-fit stability relies on the generation of radial (normal) contact stresses to develop frictional (shear) resistance to relative motion between implant and bone. [21] [22] [23] The radial contact stresses must be resisted by radial and circumferential stressing of the trabecular and cortical bone, which can consequently crush or fracture. It has been demonstrated that permanent deformation due to abrasion of medium quality trabecular bone during implantation, for a given pull-out force, does not necessarily compromise press-fit stability. 24 However, a loss of effective interference has been documented 21, 25 and might reduce stability for a given nominal interference in position-defined implantation. The effect of the quality of trabecular and cortical bone on press-fit stability and periprosthetic fracture is not well documented but is likely to become a clinical issue, as patients become older and more active. 16, 20 High impaction forces are applied to an implant to achieve an interference fit in the bone cavity. It seems possible that this axial force could damage both soft and hard tissues, particularly in patients with deteriorated tissue. Furthermore, cup orientation has been shown to be more variable for uncemented impaction than for cemented implantation (without impaction), suggesting that impaction could be related to malpositioning of implants. [26] [27] [28] Radially expanding implants eliminate the necessity of impaction forces and have been used with some success to anchor acetabular shells. [29] [30] [31] Such implants tend to employ sharp, macro-scale, surface features that interdigitate with the bony bed, once the implant has been positioned and radially expanded. The use of radial expansion with standard micro-scale porous coatings might provide adequate stability in a design in which less radial expansion is necessary than that for a macroscale feature.
Based on a study of axial implantation in medium density bone, 24 it is hypothesized here that the pullout force (representing primary stability) is directly related to the radial press-fit stress, regardless of implant surface, implantation direction, or trabecular bone density. This would demonstrate the potential for a simple implantation algorithm for uncemented implants based on achieving a radial stress that provides adequate primary stability, but which limits the risk of periprosthetic fracture for a particular patient, regardless of implant design or implantation direction.
The purpose of this study was, therefore, to assess radial implantation using a press-fit simulator to measure axial and radial forces during push-in and pull-out, for particular nominal interferences, and to assess the micromorphological changes of the bone.
MATERIALS AND METHODS

Overview
Samples with two commercially available surface coatings ("Beaded" and "Flaked") were implanted onto bone specimens in a press-fit simulator with three predefined nominal radial interferences ( Table 1 ). The flakes of the Flaked surface are of a similar size to the beads of the Beaded surface, but are much rougher and the surface porosity is higher (Fig. 5 ). Three groups were tested: (i) Radial implantation in medium density (MD) bone and (ii) Axial implantation in low density (LD) bone. These were compared with a third group, taken from a similar previous study (3) Axial implantation in medium density bone. 24 A modification was required to the testing device to apply Radial implantation in the current study.
Test Setup
A device was developed previously to estimate press-fit stability by measuring pull-out forces after Axial implantation of a porous coated metal surface onto 10 mm trabecular bone cubes. 24 For Radial implantation the same device was modified to allow manual displacement of the radial slide via a hand wheel, driving a differential screw with an effective pitch of 0.5 mm (Fig. 1) . Each bone cube was embedded in PMMA cement (Technovit 4004, Heraeus Kulzer GmbH, Hanau, Germany), with 4 mm remaining proud and with its test face parallel to the metal platen. The bone cube was thus forced against the 3.5˚angled titanium platen, via a multi-axial load cell monitoring the axial and radial force components (MC3A-500, AMTI, Watertown, MA, non-linearity: AE4.5N). Radial displacement was monitored using linear displacement transducers (LVDT GTX2500D, ASM GmbH, Germany, non-linearity: AE2.5 mm). The device was mounted on the load frame of a materials testing machine (Z010, Zwick GmbH, Ulm, Germany), allowing axial push-in and pull-out to be applied via an axial slide. The radial stiffness of the device was measured with the radial slide locked and with the bone sample replaced by a smooth steel cube against a polished platen and was 7789 AE 2N/mm.
The zero position of initial implant-bone contact was defined by a 5N contact force in the radial direction, similarly to the previous Axial implantation protocol (Axial-MD Ã ). In the Radial group the bone sample was then displaced radially by hand to achieve the desired nominal radial interference and the radial slide was then bolted. In the Axial groups the radial slide was pre-bolted and the implant surface was driven axially onto the bone specimen at 0.05 mm/s to achieve the desired nominal interference. In all groups, a pull-out test was then performed in the axial direction at 0.05 mm/s (until loss of interface contact) to characterize the primary stability.
In the Radial group (Radial-MD) implant surfaces with both coatings were radially displaced onto medium density bone cubes to achieve nominal press-fit interferences of 300, 600, or 900 mm (n ¼ 3), reflecting realistic press-fit ranges. 1, [32] [33] [34] These were compared with Axial implantation onto medium density bone samples (Axial-MD Ã ). In the low density bone group (Axial-LD) low density bone samples were tested axially with both coatings at the highest interference of 900 mm (n ¼ 3). These were compared with Axial implantation onto medium density bone samples (Axial-MD Ã ). Finally, to compare the modified and original devices, medium density bone samples were tested axially in the modified device for both porous surfaces at the maximum interference of 900 mm (n ¼ 3). They were compared with corresponding measurements made with the original device (Axial-MD Ã ). All implantation parameters (forces and displacements) were sampled at 50 Hz and were recorded throughout push-in and pull-out. Titanium platens with a diameter of 30-40 mm were prepared with two commercially available porous surface finishes: Porocoat 1 "Beaded" and Gription Sectioning of the femoral heads was performed using a lowspeed precision diamond saw (15HC blade, IsoMet TM 1000, Buehler, Lake Bluff, IL) with saline solution as a coolant. The cubes were cut from sections made perpendicular to the femoral neck axis and were implanted along this axis, as femoral implants are also introduced in this direction. An inward facing surface was chosen as a test surface whenever possible. Specimens were stored below À20˚C and kept moist between mechanical tests with saline soaked tissues.
Bone and Implant Morphology
The trabecular bone samples were scanned before and after mechanical testing using micro computed tomography at 70 kV p , 114 mA, 400 ms integration time, and averaging over two frames (mCT 35, Scanco Medical, Br€ uttisellen, Switzerland). The maximum isotropic voxel size was 20 mm. Bone density was described by the volume fraction (BV/TV in %). Based on 3D morphometry, 35 the BV/TV, trabecular spacing (Tb.Sp) and trabecular thickness (Tb.Th) of each cube were calculated for a central cubic (6 Â 6 Â 6 mm) volume of interest (see Fig. 2A ). Additionally, the BMD (apparent density in mg HA/cm 3 ) was determined for the same volume. The change in local bone density due to press fitting was determined by comparing the bone volume fraction for the same sections of the bone cube before and after mechanical testing. The volumes were segmented and a Asterisk ( Ã ) indicates tested combinations from ref.
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2 mm thick section of the face of the embedded region of the bone cube opposite the tested surface (considered to remain undeformed) was superimposed using 3D image registration (Avizo 9, FEI, Burlington, MA). The transformation matrix of this subset was then applied to the whole volume to align the cubes. To determine the morphological changes next to the bone-implant interface, volumes of interest (VOI) with an 8 Â 8 mm cross-section were sectioned parallel to the tested surface, into the depth of the original cube for the calculation of section-wise voxel count curves (Fig. 2B) . The curve for the tested sample was then normalized to the original cube to identify local changes in density ("compaction"). The maximum increase in local density was defined as the highest peak of this curve within the first 2 mm depth (Fig. 3E ). Permanent deformation of the bone surface was determined in the direction, normal to the test interface. The surface of the specimens was defined by the first inflection point of the voxel count versus depth curve.
To calculate the measurement error, three undeformed bone cubes were measured, each in two different orientations. The cubes were then superimposed and voxel count curves were generated. The mean unmatched volume for the central 8 mm of the aligned cubes was 1.30 AE 0.22%.
Note that due to local mechanical fracture of one of the Flaked Radial 900 mm bone samples it was not considered for the evaluation of compaction or permanent deformation but was included in all other analyses.
Representative sectioned volumes (7 Â 15 mm, max. 3 mm thick) of the Beaded and Flaked titanium surfaces were prepared (IsoMet TM 1000, 15LC blade). The samples were then micro-CT scanned (70 kV p , 114 mA, 2 Â 800 ms, 6 mm voxel size) to provide qualitative images. The standard brightness scaling factor (4,096) of the device was reduced to 512 for improved contrast between titanium and surrounding media. Titanium mCT reconstructions were validated by 
Analysis and Statistics
Bone specimens were matched using BV/TV, which were compared between implantation directions for the medium bone density groups using a Mann-Whitney U-test (MWU). The BV/TV was also compared between the pooled medium and low density bone groups using a MWU test.
Analysis was separated into position-and force-defined implantation, with interference or radial force as independent variable, respectively. The measured peak forces were normalized to the contact area of the specimen, resulting effectively in average interface contact stresses: Axial pushin force per unit area ("push-in force"), pull-out force per unit area ("pull-out force"), and radial force per unit area ("radial force").
For position-defined analysis, pairwise comparisons between implantation directions were performed for peak pushin and pull-out forces, and for permanent bone deformation and compaction, for each interference, using MWU tests. The same analysis was made for medium density bone at 900 mm interference, for the original and modified devices.
For force-defined analysis, linear regressions were used to relate peak push-in and pull-out forces to the peak radial force. Due to the small sample size for each interference (n ¼ 3), and the resulting lack of power to satisfy conditions for parametric tests, non-parametric tests were used (a ¼ 0.05, IBM SPSS Statistics 22, Armonk, NY).
RESULTS
Bone and Implant Samples
The mean BV/TV for the medium bone density groups were similar (Radial-MD 25.68 AE 4.67% vs. Axial-MD bone 27.94 AE 4.50%, respectively, p > 0.05, Table 2 ). Low density samples were significantly different from the medium density samples (LD 14.52 AE 0.68% vs. MD 26.81 AE 4.66%, respectively, p < 0.001). The mean bone interface surface area was 97.26 AE 1.25 mm 2 (nominal area 100 mm 2 ). Bone morphology parameters of the tested specimens fell within the range reported in literature 35 and low and medium density groups correspond to osteoporotic and "normal" patients, respectively. 36, 37 Mean push-in and pull-out forces for the original device versus the modified testing device with medium density bone at 900 mm interference were similar for The mean applied displacement rate for Radial implantation (manually) was 0.017 AE 0.006 mm/s and the mean interferences achieved for the two surfaces were: 268 AE 39 mm, 574 AE 27 mm and 821 AE 60 mm for nominal applied interferences of 300, 600, and 900 mm, respectively. These discrepancies were primarily due to permanent seating of the specimens in the sample holder.
Position-Defined Analysis
The differences between measured variables were not significant for the different interferences, implantation directions, and bone density.
Axial Implantation in Medium Density MD Bone
The mean magnitudes of Axial push-in force, pull-out force, permanent deformation and compaction (changes in local density) increased with increasing nominal radial interference (Fig. 3A-D) . At lower interferences, the mean Axial push-in forces were 34% (300 mm) and 31% (600 mm) lower for the Flaked than for the Beaded surface for a given nominal interference (Fig. 3A) . For 900 mm interference the Beaded sample showed 11% higher mean push-in force than Flaked.
Radial Versus Axial implantation in Medium Density MD Bone Radial pull-out was initiated at a mean of 25.5 AE 8.6 s after Radial push-in, which was associated with a mean of 12.9 AE 5.1% relaxation of the measured radial force. The mean pull-out forces were generally higher for radial implantation (Radial-MD) than for axial implantation (Axial-MD Ã ) for a particular applied nominal radial interference and tended to increase with interference for both implantation directions, excepting Radial Beaded at 900 mm (Fig. 3B) . The greatest differences in pull-out force between Radial and Axial were found for the Flaked surface (Radial vs. Axial: 286%, 448%, and 190% for 300, 600, and 900 mm, respectively, Fig. 3B ). Permanent bone deformation was lower for Radial than Axial implantation at higher nominal radial interferences (Radial vs. Axial: Beaded 49% and 34% and Flaked 64% and 43%, for 600 and 900 mm, respectively, Figs. 3C and 5F).
Low Density LD Versus Medium Density MD-Axial Implantation Mean push-in forces and pull-out forces (only measured at 900 mm) were 66-75% lower for low density bone (Axial-LD) than for medium density bone (Axial-MD Ã ) under axial implantation. The lowest push-in and pull-out forces for the low bone density group resulted for the Flaked surface (Fig. 3A and B) . However, there was no clear influence of bone density on the mean permanent deformation and compaction ( Fig. 3C and D) .
Local Bone Density
Peak local bone density increased with increasing nominal radial interference for Axial and Radial implantation directions for both surfaces but was pronounced for the Beaded surface ( Fig. 3D and E) . Peak values were 187.1 AE 24.3% at 0.77 AE 0.03 mm depth from the initial surface and 135.9 AE 5.4% at 0.78 AE 0.05 mm for 900 mm nominal radial interference under Axial implantation, for Beaded and Flaked surfaces, respectively, (122.0 AE 2.7% at 0.62 AE 0.32 mm (Beaded) and 115.9 AE 13.6% at 0.84 AE 0.19 mm (Flaked) for Radial implantation, ps > 0.05).
Force-Defined Analysis
With all data pooled, both push-in force and pull-out force were directly proportional to the radial force, regardless of implantation direction, bone density, or implant surface (p < 0.001, Fig. 4A ). Based on this linear regression analysis push-in force was approximately 90% of the peak radial force generated and pull-out force was approximately 30% of the peak radial force generated (Fig. 4B) .
Micro-Morphology of the Bone Implant Interface
The beads on the Beaded surface are roughly 200 mm in diameter (Fig. 5) . The flakes of the Flaked surface are of a similar size but are much rougher and the surface porosity is higher. The pores are large enough to accommodate a single trabecula in the first layer in both surfaces for the mean trabecular thickness of 174 AE 30mm for medium density samples and 118 AE 11 mm for low density samples (Table 2) .
Bone sections superimposed before and after pressfitting a Beaded surface at 900 mm interference shows the majority of the bone debris to be accumulated between 600 mm and 900 mm depth of the implant surface (Fig. 5E ). Permanent bone deformation occurs mostly near the tested implant surface (Fig. 5F ). At further depth from the tested surface the morphologies of the sample before and after testing are similar (Figs. 3E and 5E ).
DISCUSSION Hypothesis
Based on previous findings for Axial implantation in medium density bone it was hypothesized that the implant stability, defined by the pull-out force, would be directly related to the maximum radial press-fit force achieved, regardless of implantation direction (Axial or Radial), bone density (medium MD or low LD) or porous surface type (Beaded or Flaked). This was supported by the findings of this study (see Fig. 4A , positive y-axis), which demonstrated the pullout force to be consistently 30% of the peak radial force for the particular interface angle of 3.5˚tested (it is noted that bone quality was not varied for Radial implantation due to availability of bone specimens). (A) For force-defined implantation analysis all forces were normalized to the surface area of the trabecular bone tested (resulting effectively in stresses). The push-in force p in and pull-out force p out were directly proportional to the radial force p rad (according to the coefficients of the regression equations) regardless of surface, implantation direction or bone density (note 1: Pooled data, n push-in ¼ 24 and n pull-out ¼ 42. note 2: There were no axial push-in forces for the radial implantation group). (B) Schematic of a porous hip implant inserted into trabecular bone surrounded by cortical bone. The arrows indicate the radial force (red), the push-in force (blue), and the pullout force (green).
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This finding is first discussed in terms of force-defined implantation. This would practically include collarless stems, that are implanted until the interface forces match the impaction force. Then, in contrast, displacement-defined implantation is discussed with relation to implants such as acetabular cups and tibial trays or a collared stem, which are implanted to a particular position. The possibility of using Radial implantation in either implantation mode is then addressed.
Force-Defined Implantation
The results of this study demonstrate that implant stability in trabecular bone, quantified by the pull-out force, can be increased by proportionally increasing the radial press-fit stress. As the radial stress acting between the implant and bone sample is transferred through the trabecular bone to the cortical shell, its magnitude must be limited to prevent fracture of the surrounding cortical bone shell (Fig. 4B) , which is stressed circumferentially in tension (hoop stress). This limit on safe radial stress will vary with the bone quality and structure. In addition, stresses due to postoperative loading will superimpose on the press-fit stresses. 38 If a "safe" radial stress magnitude were known for a given patient, the results of this study could be used to define implantation conditions to achieve maximum fixation strength. For Axial implantation, it was found that the peak radial force (stress) achieved was proportionally related to the peak applied axial force (Fig. 4A negative y-axis) , where push-in force was approximately 90% of the peak radial stress generated. From this finding an implantation force can be derived that generates a particular maximum "safe" radial stress for an implant with a given surface area. In this study, the force was quasi-statically applied and relates to an interface angle of 3.5˚. To what extent this can be related to the dynamic impaction forces that are generated by hammer blows during implantation, applied to more complex implant geometries, is not clear and needs further investigation.
Although pull-out force was used as a convenient measure for the shear stability of the implant-bone interface in this study, it would be necessary to determine how this relates to primary stability during post-operative loading. Bone ingrowth can only occur when there is very low relative motion between the implant surface and the bone. 6, 39, 40, 41 Zero relative motion locally at a contact surface can only be achieved when the ratio of shear stress to normal stress remains below the coefficient of friction locally, and can only be assessed in detail by numerical modelling.
Position-Defined Implantation
Achieving controlled radial stresses is difficult in systems that have a fixed seated position. Such implants are tibial trays and collared stems, which are impacted until the tray or collar prevents further seating. The radial stresses will then depend on the stiffness of the system, and the effective interference achieved. Neither can be easily pre-determined. Although the radial stiffness of the apparatus was measured, the radial deformation of a femur, for comparison, is unknown to the authors and would depend on the implant used. Another potential reduction in the radial stresses generated may be related to stress relaxation, which was observed to be 12.9 AE 5.1% for Radial implantation. This phenomenon has been observed by others. 42, 43 Relaxation was presumably less for Axial implantation, as pullout was performed immediately following push-in but the differences are not anticipated to have influenced the main outcomes of the current study. The effective interference is also dependent on how much of the nominal interference is abraded during implantation. 21 Position-defined analysis relates to the nominal interference as input (Fig. 3) , in contrast with force-defined analysis, which relates to radial force as input (Fig. 4) . In contrast to force-defined implantation, the pull-out forces under position-defined implantation become dependent on bone quality and on implantation direction (Fig. 3B) . Pull-out forces tended to increase with increasing nominal interference but were generally lower for Axial implantation than Radial implantation and somewhat lower for poor bone quality. These decreases might be related to greater bone abrasion (permanent deformation, Fig. 3C ) under Axial implantation than Radial implantation.
Although the Flaked surface is more porous, and apparently rougher, the Beaded surface was found to abrade the bone to a greater depth. This could be explained in terms of a blunt knife (Beaded) being more abrasive than a sharp knife (Flaked). For a given nominal interference the Beaded surface tended to have a higher pull-out force than the Flaked surface (Fig. 3B) , which does not appear to correspond to the greater abrasion caused by the Beaded surface (Fig. 3C) .
The differences between surfaces in position-defined implantation might also arise from the definition of the interference applied. In the current study, the surface contact position was defined by applying a radial preload of 5N between the implant surface and the bone. If only a few asperities are responsible for this reaction force then the surface may have to displace considerably further (e.g., diameter of a bead radially:, i.e., $200 mm) until the remaining surface comes into contact (compare Fig. 5C and D) . This may be particularly pertinent for the Flaked surface, which is less regularly structured. It is not clear how the press-fit is defined for such surfaces in other studies, or clinically, making comparison difficult. Differences in the diameters of porous coated stems of up to 1 mm have been reported for implants with the same nominal size, due to variations in the surface thickness. 18 Radial Implantation Pull-out force was similarly related to the radial force for Radial implantation as for Axial implantation. Radial implantation requires radial expansion or contraction of the implant: A cup or a stem would need to be radially expanded into the cavity, while a femoral head resurfacing component would have to be contracted onto the prepared bony surface. It seems that achieving a controlled radial stress by this method would be more challenging than the application of a controlled radial (expansion) interference, which develops a radial stress that is dependent on the stiffness of the system. By eliminating impaction forces, Radial implantation might offer a more gentle insertion method and thereby reduce the risk of intraoperative damage to tissues in frail patients, and of component mal-positioning. 26 Radially expandable cups have already shown some clinical success. 29, 30, 31 Radial implantation would require new designs, as well as patient-specific pre-operative planning.
Local Bone Morphology
Changes in bone morphology can influence secondary stability. Abraded bone particles have been related to bone formation in dental screws. 44, 45 Compaction of trabecular bone by radial expansion has been demonstrated to increase the initial interface strength in canine models. 46, 47 However, in vitro cadaver tests have demonstrated a higher fracture rate for cavity preparation by expansion compared to reaming. 48 In the current study, a pronounced increase in local bone density was observed for the Beaded surface under Axial implantation, which almost doubled next to the interface for the highest interference applied ( Fig. 3D and E) . A similar increase was observed in low density bone but not for Radial implantation. Bone debris abraded during Axial implantation becomes trapped in the pores of the trabecular bone (Fig. 5E ). This effect may be less pronounced for the Flaked surface due to its greater porosity and its consequent capacity to accommodate bone debris, leaving less in the bone pores. The examples shown in Figure 5 demonstrate the lower roughness and porosity for the Beaded surface and show the very local increase in bone density for the Beaded surface. It is striking to note the much greater porosity of the bone in comparison with the implant surfaces. However, the mean trabecular thickness of the medium density bone groups (174 AE 30 mm) is close to the visually estimated particle sizes of Beaded or Flaked surfaces, allowing it to interdigitate. Under Radial implantation the local increase in density was not pronounced, suggesting that there is no bone debris generated under this implantation direction, and that permanent deformation is accumulated through the depth of the trabecular structure by plastic straining, rather than arising locally due to abrasion. The favorable clinical results of implants with the Beaded coating tested in this study [49] [50] [51] might be related to the bone compaction that it generates under Axial implantation.
CONCLUSIONS
Primary stability was represented in this study by the magnitude of pull-out forces, which were analysed both in terms of force-defined implantation (radial PRESS-FIT MECHANICS force) and position-defined implantation (nominal interference). Force-defined implantation may relate better to a stem design with no limit to its seated position. In this case, the pull-out force is proportional to the radial stress generated and is independent of bone quality, implantation direction, or the amount of permanent trabecular bone deformation. This suggests that primary stability in trabecular bone could be maximized by maximizing the radial stress to the limit of safe cortical bone loading, regardless of other parameters. Thus, Radial implantation would deliver at least the same stability as Axial implantation, but without requiring axial impaction. An analysis of patient-specific radial load capacity of the cortical bone would therefore be necessary. The issue of periprosthetic bone fracture, arising from radial load transfer, could become critical in the increasingly aging population. 16, 20, 52 Under position-defined implantation primary stability increases with interference but is dependent on bone quality and might be dependent on the implant surfaces, which were found to be difficult to compare in this study due to the unclear definition of the nominal interference of a rough surface. A policy of maximizing the radial stress within safe limits should maximize the primary stability for both Axial as well as Radial implantation directions.
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